Oxidative cells increase mitochondrial mass in response to stimuli such as changes in energy demand or cellular differentiation. This plasticity enables the cell to adapt dynamically in order to achieve necessary oxidative capacity. However, the pathways involved in triggering mitochondrial biogenesis are poorly defined. The present study examines the impact of altering energy provision on mitochondrial biogenesis in muscle cells. C2C12 myoblasts were chronically treated with supraphysiological levels of sodium pyruvate for 72 hr. Treated cells exhibited increased mitochondrial protein expression, basal respiratory rate and maximal oxidative capacity. The increase in mitochondrial biogenesis was independent of increases in PGC-1 and PGC-1 mRNA expression. To further assess whether PGC-1 expression was necessary for pyruvate action, cells were infected with adenovirus containing shRNA for PGC-1 prior to treatment with pyruvate. Despite a 70% reduction in PGC-1 mRNA the effect of pyruvate was preserved. Furthermore, pyruvate induced mitochondrial biogenesis in primary myoblasts from PGC-1 null mice. These data suggest that regulation of mitochondrial biogenesis by pyruvate in myoblasts is independent of PGC-1 , suggesting the existence of a novel energy-sensing pathway regulating oxidative capacity.
Introduction
Adaptive alterations in mitochondrial mass and function are a key feature of skeletal muscle. Mitochondrial biogenesis is increased in this cell type under conditions such as: differentiation of myoblasts into mature myotubes (16) ; in the presence of increasing concentrations of extracellular pyruvate (2) ; and when energy demand exceeds oxidative capacity, such as in endurance training (6) . Conversely, cessation of exercise training and aging are conditions that can dramatically reduce mitochondrial capacity in this tissue (22; 27) .
Despite a number of stimuli being known, the signaling pathways controlling mitochondrial biogenesis in skeletal muscle are not clearly defined. An emerging regulator of mitochondrial replication is the peroxisomal proliferator activator receptor gamma co-activator 1 alpha (PGC-1 ), which acts through coactivation of a number of transcription factors (20; 28) . For example, PGC-1 coactivates the peroxisome proliferator activated receptors (PPARs) to upregulate fatty acid oxidation while it induces the transcription of oxidative phosphorylation genes by coactivating nuclear respiratory factor (NRF) 1 and 2. A close homologue of PGC-1 , PGC-1 , may share a similar role in mitochondrial metabolism (12; 24) .
In the present study, we explore pyruvate-induced mitochondrial biogenesis in muscle myoblasts and the role of PGC-1 in mediating this effect. We report that supraphysiological concentrations of pyruvate increase mitochondrial mass and functionality as determined by a comprehensive array of mitochondrial measures.
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Furthermore, we establish that this action does not increase PGC-1 or mRNA expression and, in fact, is not dependent on PGC-1 .
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Materials and Methods
Cell culture. C2C12 cells (American Type Culture Collection, Manassas, VA) were seeded in either basal media or test media. Basal media was Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 1% antibiotics and 4 mM L-glutamine. Pyruvate test media was DMEM with no sodium pyruvate (Invitrogen) supplemented with 10% fetal bovine serum, 1% antibiotics, 4 mM L-glutamine and 50 mM sodium pyruvate (Sigma, St. Louis, MO). Sodium chloride or sodium bicarbonate test media was basal media supplemented with either an additional 50 mM sodium chloride or sodium bicarbonate, respectively. Cells were incubated for 72 hr prior to manipulation. Sodium chloride and pyruvate-free DMEM was obtained as a customized reagent (Invitrogen). All studies were performed on myoblasts i.e. undifferentiated proliferating muscle progenitors.
Flow cytometry. Cells were trypsinized, centrifuged at 1000 rpm for 5 min, resuspended and counted. Cells were incubated with MitoTracker Green FM (Molecular Probes, Eugene, OR) at a final concentration of 100 nM for 30 min at 37°C. After incubation, cells were centrifuged at 1000 rpm for 5 min. Media was removed and cells were resuspended in PBS at a concentration of 1×10 6 cells/ml. The forward scatter versus side
scatter area was used to analyze a homogeneous population of live cells after doublet exclusion using a FacsAria Flow Cytometer (BD Biosciences, San Diego, CA). Studies and was generated as described by Koo et al (9) . C2C12 myoblasts were plated on 6-well plates in basal media at a density of 3×10 4 cells per well (control) or 8×10 4 cells per well (treated). Cells were infected 6 hours after seeding with either Ad-sh-PGC-1 (3.0×10 12 particle/ml) or Ad-sh-scrambled (3.0×10 12 particle/ml) at 1.25×10 5 particle/cell in basal media. The media was changed 24 hr later to either basal media or test media. Virus at 1×10 5 particle/cell was added to each well 24 hr after the media was changed and cells were harvested 48 hr after second infection.
Real-time quantitative PCR analysis.
Following the isolation of total RNA and preparation of cDNA, the expression profile of PGC-1 and PGC-1 genes (Accession #:
NM_008904 and NM_133249, respectively) were measured using real-time PCR. (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5497). Gene Set Enrichment
Analysis was performed as previously described (15).
PGC-1 null myoblast studies.
Myoblasts derived from PGC-1 null mice and wild-type littermates were seeded in Ham's F-10 medium containing 20% FBS, 1% penicillinstreptomycin (Invitrogen) and 2.5 ng/ml basic fibroblast growth factor (13) . Once the This effect was significant at 24 hr of treatment and maximal at 48 hr (data not shown).
Cells were also incubated in media supplemented with 50 mM sodium chloride (NaCl) or 50 mM sodium bicarbonate (NaHCO 3 ), to control for changes in the osmolarity. Neither NaCl nor NaHCO 3 significantly increased cytochrome c expression indicating that the observed increase in mitochondrial biogenesis was a pyruvate specific effect. As an additional control, pyruvate treatments were performed at normal osmotic pressure using a medium with reduced salt content. Under these conditions, pyruvate still increased cytochrome c expression compared to control (data not shown).
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Other mitochondrial markers were assessed in lysates from control and SP treated cells To further explore the role of PGC-1 in pyruvate-induced mitochondrial biogenesis we treated primary mouse myoblasts from PGC-1 null mice and wild-type littermates with pyruvate and measured both mitochondrial mass ( Figure 4a ) and cytochrome c protein expression levels (Figure 4b ). Using FACS analysis, we found that in both PGC-1 null and wildtype myoblasts treated with pyruvate there was significantly more mitochondrial staining than in control cells. Furthermore, cytochrome c levels were significantly increased in response to pyruvate treatment in both the PGC-1 null and wild-type myoblasts. These data suggest that pyruvate induces mitochondrial biogenesis independently of PGC-1 .
We performed gene array profiling on basal and pyruvate treated cells. Using Gene Set Enrichment Analysis (a technique that collectively examines changes in pathway or functionally related genes), we observed a significant upregulation of genes associated with free radical scavenging ( Figure 5 , Table 1 ). Interestingly, genes associated with myocellular differentiation were significantly down regulated.
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Discussion
Mitochondrial dysfunction in skeletal muscle has been implicated in a number of diseases, such as type 2 diabetes, obesity and some inherited myopathies. A potential therapeutic approach to these disorders is to enhance oxidative capacity by increasing mitochondrial mass, however, the control mechanisms governing mitochondrial replication are not fully elucidated. The present study examines mitochondrial adaptation in response to high pyruvate concentrations, a circumstance where oxidative energy supply exceeds energy demand.
A previous study examined the action of high pyruvate concentrations in L6 myoblasts.
The authors reported increased mitochondrial content as indicated by nonyl acridine orange (NAO) staining and an increase in mitochondrial membrane potential with pyruvate treatment (2). Some controversy exists over the use of NAO in estimating mitochondrial content, particularly when there are changes in mitochondrial membrane potential (7; 8) . Therefore, we sought to corroborate these findings with a comprehensive panel of mitochondrial markers and then examine the mechanistic basis for pyruvate action.
In agreement with the previous study, treatment of myoblasts with high pyruvate concentrations induced mitochondrial biogenesis, as determined by cytochrome c expression, mitochondrial staining [using MitoTracker Green FM, a mitochondrial dye insensitive to changes in membrane potential (19) ], expression of complexes I and III and basal and uncoupled respiration. It is somewhat surprising that pyruvate did not increase all electron transport chain proteins, however, it is conceivable that in this setting of increased mitochondrial biogenesis these proteins are not rate limiting. Importantly, these effects were not a result of changes in osmolarity, a parameter that was not controlled in the previous study.
Differentiation of myoblast precursor cells to more metabolically active myotubes results
in an increased mitochondrial mass. Therefore, it is important to establish whether agents that increase mitochondrial biogenesis are doing so by inducing cellular differentiation.
Pyruvate treatment did not induce myoblast fusion or genes associated with muscle differentiation. In fact, using Gene Set Enrichment Analysis, it was apparent that the gene program associated with myocellular determination was down-regulated.
Interestingly, using the same analysis, genes associated with free radical scavenging, a key auxiliary requirement to mitochondrial activity, were up-regulated. Increased production of reactive oxygen species following pyruvate treatment has been observed in a number of cellular systems (18; 29) and likely stimulates upregulation of anti-oxidative machinery. This provides some support of the observation that pyruvate has antioxidative properties (1). In addition, it is possible that increased free radical production could in some way induce mitochondrial replication.
The nuclear receptor coactivator PGC-1 is a key regulator of mitochondrial biogenesis and gluconeogenesis in muscle and liver, respectively. Ectopic expression of PGC-1 , or a close homologue, PGC-1 , results in increases in mitochondrial mass (10; 24; 28) . The Cells were incubated in either basal or 50 mM pyruvate (hsp) test media for 72 hr. Total RNA extracted from cells was subjected to GeneChip array analysis. Relative gene expression in the two conditions was plotted in scatter. GSEA was performed to assess 
